Abstract A central feature of HIV-1 infection is the inability of entering virus to integrate into chromosomes of resting T lymphocytes unless they are mitogenically activated. In contrast, SIVpbj1.9 replicates in initially resting T lymphocytes by activating infected cells. Previous reports have shown that a difference in Nef-mediated T cell activation between HIV-1 and SIVpbj1.9 plays a critical role in the differing abilities of these viruses to replicate in resting lymphocytes. However, the molecular details of these differences are still unclear. Here, we show that infection with a chimeric virus, HSIVnef, which harbors the 5 0 308 nucleotides of SIVpbj1.9 nef in place of the 5 0 221 nucleotides of HIV-1 nef in the HIV-1 proviral backbone, resulted in integration of the provirus into host chromosomes without mitogenic activation and thereby replication in resting human PBMCs (hPBMCs). These results indicate that Nef is an essential viral determinant for the integration of provirus into host chromosomes in resting T cells. Using the yeast two-hybrid system, we identified integrase interactor-1 (INI1/SMARCB1) as a cellular factor that is involved in the integration process via interaction with Nef. Although INI1 interacted with both SIVpbj1.9 and HIV-1 Nefs, SIVpbj1.9 Nef, but not HIV-1 Nef, enhanced proviral integration into host DNA. Furthermore, mutational analysis revealed that the basic-amino-acid-rich amino-terminal domain in SIVpbj1.9 Nef is crucial for interaction with INI1 and virus replication in resting hPBMCs. Taken together, these data indicate that Nef is a critical viral protein for incorporating nascent proviral DNA into host chromosomes in resting PBMCs and that this occurs through interaction with INI1. This elucidates the basis for replication of the integrated provirus when the host cell is in a resting state.
Introduction
It is known that HIV-1 successfully enters but fails to replicate in resting CD4
? T cells due to various host innate defense mechanisms acting prior to integration of the proviral DNA into host chromosomes [1, 2] . These mechanisms include incomplete reverse transcription due to SAMHD1-mediated reduction of the dNTP pool [3] , abortive single-strand DNA modification by cellular factors such as APOBEC3G, which counteracts the viral protein Vif [4] [5] [6] [7] , and impaired import of the preintegration complex (PIC) into the nucleus due to a shortage of ATP [8] . These observations are consistent with in vivo data showing that in the largely quiescent T lymphocytes in the peripheral circulation of HIV-1-infected humans, viral DNA is present predominantly in an extrachromosomal form [8, 9] . However, upon stimulation with a mitogen such as phytohemagglutinin (PHA), productive infection proceeds [10] [11] [12] . Recent findings indicate that during T-cell activation, the viral integrase (INT) is phosphorylated by c-Jun N-terminal kinase (JNK) and becomes a substrate for Pin1 [13] . Pin1 subsequently stabilizes INT for efficient HIV-1 integration, leading to productive infection [13] . These results suggest that activation of resting T lymphocytes triggers intracellular signaling to enhance integration of provirus into host cell chromosomes.
SIVpbj1.9, a variant SIV from sooty mangabey monkeys, is known to induce in pig-tailed macaques (Macaca nemestrina) an acute syndrome characterized by bloody mucoid diarrhea and the death of most animals within 1 to 2 weeks [14, 15] . Fultz reported that the extreme virulence of SIV smm pbj14 and its replicative properties are related to its ability to activate resting T cells [16] . The ability to activate simian PBMCs (sPBMCs) to proliferate appeared a specific property of the acutely lethal variant, because incorporation of [ 3 H]thymidine by PBMCs from native animals was observed only with SIV smm pbj14 and not with other viruses [16] . The report also showed that this virus replicated in resting sPBMCs just as efficiently as in mitogen-stimulated PBMCs, irrespective of the addition of exogenous interleukin-2 (IL-2) [16] . This finding indicates that SIVpbj1.9 infection activates resting T cells for productive infection.
Among the viral proteins, Nef plays an essential role in activation of resting T cells and thereby virus replication in the cells. Du et al. demonstrated that SIVpbj1.9 Nef is the major viral determinant for activation of resting PBMCs and virus replication [17] . They further showed that substitution of two amino acids, RQ, with YE to create a YxxL motif in SIVmac239 enabled the virus to replicate in resting PBMCs and to cause acute disease in macaque monkeys [17] , similar to the pathogenesis of SIVpbj1.9. Similar results were obtained using a recombinant SHIV containing SIVpbj1.9 nef, which activated lymphocytes and replicated productively in resting PBMCs [17, 18] . Our data also indicated that SIVpbj1.9 Nef significantly enhanced interleukin-2 (IL-2) promoter activity, while that of HIV-1 did not [19] . This was corroborated by the observation that SIVpbj1.9 Nef induced production of IL-2 even in the absence of activation with CD3 and/or CD28 antibodies, whereas HIV-1 Nef activated T cells only upon stimulation of the cells with CD3 and/or CD28 antibodies [19] , consistent with other reports [18, [20] [21] [22] . However, the following important questions remain: 1) Is T-cell activation by SIVpbj1.9 Nef sufficient for virus replication in resting CD4? T cells? 2) If so, how does T-cell activation by SIVpbj1.9 Nef induce integration of the proviral DNA into host chromosomes for productive virus infection in resting T cells? Addressing these questions will bring insights into the role of Nef in activation and replication of the primate immunodeficiency viruses in resting PBMCs.
In this study, we employed the yeast two-hybrid system to define the roles of SIVpbj1.9 Nef in replication of HIV-1 in resting CD4
? T cells and to elucidate the cellular determinants that are critical for these processes. Several cellular proteins were identified as interacting with the Nefs, and among them, INI1 was chosen for study as a potential candidate for enabling differential Nef function in HIV-1 replication in resting T cells. INI, also known as SMARCB1, is a core subunit of SWI/SNF chromatin remodeling complexes and functions as a tumor suppressor [23] . It has been reported that the INI1 protein plays an important role in the insertion of HIV-1 proviral DNA into host chromosomal targets through its direct interaction with the viral protein INT [24] , and mitogenic cell activation promotes HIV-1 DNA integration into host chromosomes [10] [11] [12] . Since HIV-1 Nef activates resting T cells for extensive proliferation [19] [20] [21] [22] , our finding that the interaction of SIVpbj1.9 Nef and INI1 facilitates viral DNA integration will provide important clues for understanding the mechanism of the limited HIV-1 replication in resting T cells.
Materials and methods

Cells and viruses
Peripheral blood mononuclear cells (PBMCs) were isolated from fresh whole blood and stimulated as described previously [25] . The CD4-positive T lymphoid cell lines CEMx174 and Jurkat were employed for viral DNA transfection and virus infection. The strain of HIV-1 used was HXB2, which contains a functionally complete viral genome, and SIVpbj1.9 was generated by transfection with pPBj1.9, a plasmid obtained from Dr. James I. Mullins through the NIH AIDS Research & Reference Reagent Program (Germantown, MD). The nef recombinant virus HSIVnef was generated by replacing the first 221 nucleotides of HXB2 nef with the corresponding region of SIVpbj1.9 nef (the first 308 nucleotides) as described elsewhere [19] . The site of substitution was located between an artificially introduced SmaI site at the env/nef boundary and the KpnI site within HXB2 nef.
Reverse transcriptase (RT) assay
Human PBMCs, Jurkat cells, and CEMx174 cells were infected with virus at 10,000 counts per minute (cpm) of RT activity per one million cells. To test virus replication in activated PBMCs, freshly isolated PBMCs were incubated with 5 lg of phytohemagglutinin (PHA) and 10 U of IL-2 per ml for 3 days before virus infection. After a 4-to 6-hour incubation with virus, cells were washed and resuspended with fresh medium. At every third or fourth day, half of the supernatant was collected and replaced with fresh medium. Virus replication was monitored by measuring the RT activity of pelleted virions from the culture supernatants [26] . Briefly, virus pellets were recovered from supernatants by centrifugation and were lysed with dissociation buffer. RT assays were performed in a reaction mixture of RT assay buffer [ 3 H]-dTTP and poly(A)-dT15 (Boehringer Mannheim). After the reactions were complete, samples were absorbed on ion exchange cellulose paper (DE81, Millipore, Bedford, MA). Following several washes with 2X SSC and 100 % ethanol, radioactivity was measured by using a scintillation counter.
Alu-PCR and Southern hybridization
To detect integration of viral DNA into genomic DNA, human PBMCs were infected with HIV-1, HSIVnef, or SIVpbj1.9, and Alu-PCR was performed on the genomic DNA extracted from PBMCs infected for 24 h as described [27] . The primer sequences employed for the Alu-PCR were as follows: A primer, Alu5-TagA, was designed with the human Alu consensus sequence (CAGUGCCAAGUG UUUGCUGACG) and an artificial TagA sequence (CCAA AGUGCUGGGAUUACAG). The first-round primers were Alu5-TagA and 1U3-Ura 
Yeast two-hybrid assay
The yeast two-hybrid assay was performed according to the manufacturer's protocol (Clontech, Palo Alto, CA). Briefly, HIV-1 and SIVpbj1.9 nef genes in a pLexA-binding domain (BD) fusion vector (His?) and a Jurkat cDNA library expressed in a pB42-activation domain (AD) fusion vector (Trp?) were introduced into yeast strain EGY48 by cotransformation, and positive colonies were screened twice to eliminate false positives [24] . pB42AD-cDNA plasmids were then recovered from positive colonies, sequenced and introduced into EGY48/p8op-lacZ/nef by transformation to confirm the interaction with HIV-1 and SIVpbj1.9 Nefs.
Mammalian two-hybrid assay Except for the cells, the mammalian two-hybrid assay was performed essentially the same as the yeast two-hybrid assay. Briefly, nef expressers in a pM-BD fusion vector (Clontech) and INI1 in a pVP16AD fusion vector were introduced by cotransfection into NIH 3T3 cells with a reporter gene, pG5CAT, and pCMV-b-gal to control for transfection efficiency. Three days after transfection, chloramphenicol acetyltransferase (CAT) enzymatic activity was measured as per the manufacturer's protocol (Clontech).
Protein purification and glutathione-S-transferase (GST) pull-down assay 
b-galactosidase (b-gal) assay
Yeast strain EGY48/p8op-lacZ was cotransformed with wild-type nef in pLexA and with INI1 in pB42AD. Following selection from nutrition-deficient media, transformed colonies were cultured in liquid medium until log phase, measured at 600 nm. To determine the binding affinity of Nef with INI1, b-gal activity in the transformed yeast was quantitated as per the manufacturer's protocol (Clontech). The units of b-gal activity were calculated by the following equation: Miller units = (A 420 9 1000)/(A 600 9 time min 9 volume ml ).
Integration assay
The in vitro DNA strand transfer assay was performed as described [24] . Briefly, HIV-1 INT substrate U5.5 (5 0 -GGATCCGGAAAATCTCTAGCA) was labeled with 50 lCi of [c- 32 P] ATP incubated with 10 U of T4 polynucleotide kinase (New England Biolabs). After kinase inactivation at 70°C, U5.5 was annealed with U5.4 (ACTGCTAGAGATTTTCCGGATCC). Annealed doublestranded DNA was purified using a NucTrap probe purification column (Stratagene). Different amounts of proteins, GST-Nefs, GST, and GST-INI1 were added to the integration reaction mixture consisting of purified HIV-1 integrase, DNA substrate, and integration buffer (20 mM HEPES, pH 7.5, 10 mM MnCl 2 , 10 mM dithiothreitol, 0.05 % NP-40). After a 1-h incubation, an equal volume of loading buffer (98 % deionized formamide, 10 mM EDTA, 0.05 % bromophenol blue, 0.05 % xylene cyanol) was added to stop the reaction. The samples were analyzed by 20 % polyacrylamide urea gel electrophoresis and autoradiography.
Results
INI1 interacts with the HIV-1 and SIVpbj1.9 Nefs
To define differential functions of HIV-1 and SIVpbj1. 9 Nefs for viral replication in resting T cells, host factors bound to HIV-1 and SIVpbj1.9 Nefs were screened using the yeast two-hybrid assay. Our result showed that the reporter gene lacZ was expressed, producing a blue color on the plate, when INI1 in the AD fusion vector (AD) was expressed together with HIV-1 nef (H-nef) or SIVpbj1.9 nef (S-nef) in the BD fusion vector (BD) in the presence (Fig. 1A, left) , but not in the absence (Fig. 1A, right) (Fig. 1B) .
To verify the interaction of INI1 with the HIV-1 and SIVpbj1.9 Nefs in mammalian cells, a mammalian twohybrid assay was performed [28] . Co-transfection with the INI1 expressor along with either the HIV-1-or SIVpbj1.9-nef expresser resulted in strong CAT enzymatic activity, while little activity was detected in samples transfected with a single nef-expressor ( Fig. 2A) . These data confirmed that both HIV-1 and SIVpbj1. bind INI1 in NIH 3T3 cells. Consistent with these results, we found that both HIV-1 and SIVpbj1.9 Nefs interacted with a GST-INI1 fusion protein using the GST pull-down assay and Western blotting analysis (Fig. 2B) . Taken together, these results indicate that the HIV-1 and SIVpbj1.9 Nefs directly bind to INI1 in both mammalian and yeast cells.
HIV-1 and SIVpbj1.9 Nefs displayed differential proviral DNA integration activity To examine whether the observed physical interactions of HIV-1 and SIVpbj1.9 Nefs with INI1 affect proviral DNA integration into host chromosomes, an in vitro DNA strand transfer assay reflecting the efficiency of proviral DNA integration into host chromosomes [24] was performed with purified 6His-tagged HIV-1 integrase (INT), GST-INI1, and GST-H-Nef or GST-S-Nef proteins. As shown previously [24] , INT and/or INI1 significantly augmented DNA strand transfer ( Fig. 3A and C, GST) . While the change of HIV-1 Nef-mediated DNA strand transfer activity in the presence of INI1 was nominal (Fig. 3A , H-Nef), SIVpbj1.9 Nef dramatically increased DNA strand transfer activity with increasing concentration of INI1 (Fig. 3A, S-Nef) . These results suggest that SIVpbj1.9 Nef, but not HIV-1 Nef, might facilitate viral DNA integration into target DNA. SIVpbj1.9 Nef alone significantly increased the integration activity in a dose-dependent fashion, which was further slightly enhanced in the presence of INI1 (Fig. 3B, S-Nef) , while HIV-1 Nef-mediated augmentation of the integration activity was minimal even at the highest dose of HIV-1 Nef protein (Fig. 3B, H-Nef) , indicating that SIVpbj1.9 Nef alone can induce proviral DNA integration into host chromosomes. Moreover, SIVpbj1.9 Nef-mediated integration was significantly increased by addition of INI1 (Fig. 3A , S-Nef) in a dosedependent manner, and it was further enhanced by increasing the amount of INT (Fig. 3C, S-Nef) . By contrast, the increased level of HIV-1-Nef-mediated DNA strand transfer was significantly lower than that with SIVpbj1.9 Nef in the presence of INI1 (Fig. 3A) or of INI1 and INT (Fig. 3C) . Taken together, these data imply that SIVpbj1.9 Nef interactions with INI1 and/or INT could enhance proviral DNA integration into the target host chromosomes, while HIV-1 Nef interactions with INI1 and/or INT could not.
The N-terminal region of SIVpbj1.9 Nef is sufficient for virus integration into the host chromosomes of resting hPBMCs Previous studies have shown that newly reverse-transcribed HIV-1 DNAs accumulate as extrachromosomal DNA in resting T cells, causing abortive viral replication [8, 9] . These results suggest that proviral DNA integration may be one of the most critical steps that limit HIV-1 replication in resting T cells. As SIVpbj1.9 Nef, but not HIV-1 Nef, enhances DNA strand transfer, as shown above (Fig. 3) , we hypothesized that HIV-1 and SIVpbj1.9 Nefs differentially affect viral DNA integration into host chromosomes. To investigate this possibility, resting and PHA-activated hPBMCs were infected with equivalent amounts of HIV-1 or SIVpbj1.9 for 24 h, and integration of the HIV-1 and SIVpbj1.9 DNAs into the host chromosomes was detected, using Alu-PCR followed by Southern blot analysis with HIV-1 and SIVpbj1.9 LTR-specific probes. Our results showed that SIVpbj1.9 provirus was present in the host chromosomes of both resting and activated hPBMCs, while HIV-1 provirus was detected only in activated hPBMCs (Fig. 4) . Du et al. previously showed that the N-terminal YxxL motif of SIVpbj1.9 was sufficient for SIVmac239 replication in resting PBMCs [17] . To determine whether the N-terminal region of SIVpbj1.9 is sufficient for HIV-1 integration into host chromosomes, we previously generated a chimeric virus, termed HSIVnef, by replacing the first 221 nucleotides of HXB2 nef with the corresponding region of SIVpbj1.9 nef [19] . Using HSIVnef, we found that the virus harboring the N-terminal region of SIVpbj1.9 Nef in place of the corresponding the region of HIV-1 is efficiently integrated into the host genome in resting hPBMCs as well as PHA-activated hPBMCs (Fig. 4) . These results indicate that replacement of HIV-1 Nef with the corresponding N-terminal fragment of SIVpbj1.9 Nef is sufficient for HIV-1 DNA to integrate into host chromosomes of resting hPBMCs, suggesting that the first 221 nucleotides of SIVpbj1.9 Nef contain the necessary elements required for the incorporation of viral DNA into the host chromosome.
Substituting the N-terminal region of the HIV-1 Nef with SIVpbj1.9 Nef is sufficient for HIV-1 replication in resting hPBMCs
To determine whether HSIVnef containing the N-terminal region of SIVpbj1.9 Nef is sufficient for viral replication in resting hPBMCs, we transfected CEMx174 cells with HIV-1, HSIVnef, and SIBpbj1.9 DNAs and measured viral replication using an RT assay. As expected, all of the viruses replicated efficiently, while SIVpbj1.9 showed a slightly delayed onset of replication (data not shown). Moreover, analysis of viral proteins from the transfected cells and virion particles in culture supernatant using Western blot showed that introduction of the N-terminal fragment of SIVpbj1.9 nef did not impair HIV-1 protein expression and processing (data not shown). We further tested replication of HIV-1, HSIVnef, and SIVpbj1.9 in CEMx174 (Fig. 5A ) or Jurkat T cell lines (Fig. 5B ) using cell-free progeny viruses produced from transfected CEMx174 cells. HIV-1 and HSIVnef robustly replicate in both cell lines. However, SIVpbj1.9 replication was not detected in Jurkat T-cells, which is consistent with previous reports [29, 30] . These data indicate that the progeny viruses of HSIVnef were intact and infectious. Next, we tested replication of HIV-1, HSIVnef, and SIVpbj1.9 in resting and PHA-activated hPBMCs. An equivalent amount (10,000 cpm of RT activity/1 9 10 6 cells) of each virus was used for inoculation, and virus replication was monitored as described previously [26] . All of these viruses replicated efficiently in the activated hPBMCs (Fig. 5C) . Interestingly, however, both chimeric HSIVnef and SIVpbj1.9 replicated in resting hPBMCs, while HIV-1 did not (Fig. 5D) . These results suggest that the N-terminal region of SIVpbj1.9 Nef is sufficient for HIV-1 replication in resting hPBMCs. hPBMCs, deletion mutants of the SIVpbj1.9 nef gene were generated (Fig. 6A ). We first examined the effect of these mutations on interactions with INI1 and DNA strand transfer activity. Consistent with the results in Fig. 1 , the reporter gene LacZ was expressed when INI1 in the AD fusion vector (AD) was expressed together with SIVpbj1.9 nef (S-nef) in the BD fusion vector (BD) (Fig. 6B) . Interestingly, INI interaction with SIVpbj1.9 Nef was not affected by deletions in the N-terminal YxxL motifs, which are essential for activation of T cells [17] , or in the PxxPxxP region, which is critical for signaling cascades [31] [32] [33] . In contrast, deletions of the basic-amino-acid-rich N-(DN-term) or C-terminal region (DC-term) eliminated interactions between Nef and INI1 (Fig. 6B) , indicating that these two sites were essential for the interactions. Next, we investigated the significance of DN-or DC-termmediated interaction with INI1 on proviral DNA integration into host chromosomes, using an in vitro DNA strand transfer assay as described above. While the SIVpbj1.9 Nef DSH2(1?2) mutant did not significantly affect DNA strand transfer activity compared with S-nef, the DN-term or DCterm mutants significantly reduced wild-type SIVpbj1.9 Nef (S-nef)-mediated DNA strand transfer activity (Fig. 6C) . These results suggest that the N-and C-termini of SIVpbj1.9 Nef are critical for interactions with INI1 as well as integration of proviral DNA into host chromosomes. Next, to determine the role of these motifs for HSIVnef virus replication in resting hPBMCs, we introduced mutations -substitution of the second nucleotide G with A (HSIVnef-G/A) to remove myristoylation and deletions of DSH2(1 ? 2) (HSIVnef-DSH2(1 ? 2)) and DN-term (HSIVnef-DN-term), as shown above, in the recombinant nef gene of the HSIVnef genome. DC-term was not introduced into the nef gene of the HSIVnef genome, since the site overlaps with the 3 0 LTR, which is required for virus replication. Recombinant and mutant
Unactivated PBMCs
Activated PBMCs Fig. 4 The function of Nef in provirus integration into the host chromosomes. Provirus integrated into the host chromosomal DNA was detected using modified Alu-PCR. Genomic DNAs were recovered from freshly isolated human PBMCs infected with the viruses. PCR products were analyzed by 2 % agarose gel electrophoresis and by Southern hybridization ) were infected with 100,000 and 10,000 cpm, respectively, corresponding to the reverse transcriptase (RT) activity of each virus generated from transfected CEMx174
Role of Nef in HIV-1 replication in resting T cells 733 virions were produced by transfecting CEMx174 cells with these viral genome constructs. An equivalent amount of each virus was used for inoculation, and the ability of these viruses to replicate was examined in resting and PHAactivated hPBMCs. Our results showed that HSIVnef and HSIVnef-DSH2(1 ? 2) replicated robustly in activated hPBMC, while replication of HSIVnef-G/A and HSIVnef-DN-term was significantly inhibited and delayed ( Fig. 6D-1) . Furthermore, deletion of the myristoylation motif or the basic-amino-acid-rich N-terminal domain completely eliminated the ability of HSIVnef to replicate, whereas HSIVnef-DSH2(1?2) replicated as efficiently as HSIVnef in resting hPBMCs ( Fig. 6D-2 ). Taken together, these mutational analyses indicate that the N-terminal basicamino-acid-rich domain in the recombinant Nef is essential for interaction with INI, DNA strand transfer, and replication in resting hPBMCs.
Discussion
In this study, we address the functional differences of HIV-1 and SIVpbj1.9 Nefs on viral DNA integration into host chromosomes for productive infection in resting T lymphocytes. Our data show that the N-terminal region of SIVpbj1.9 Nef is sufficient for HIV-1 replication in resting hPBMCs and that this replication is associated with increased integration of the HIV-1 DNA into host chromosomes. To our knowledge, this is the first demonstration that Nefs of primate immunodeficiency viruses play different roles in viral DNA integration and replication. Previous studies indicate that quiescent human peripheral blood T lymphocytes (PBL) do not support efficient replication of HIV-1 by restricting the preintegration step of the virus life cycle [11] [12] [13] [34] [35] [36] [37] [38] . However, activation 2) hPBMCs, and the kinetics of replication of these viruses were determined by measuring RT activity in the culture supernatants as described above of resting T cells overcomes these impediments so that viral DNA replicates efficiently. HIV-1 Nef is known to activate T cells through signaling cascades that are almost identical to those involved in TCR-mediated T cell activation [39] . However, Nef alone is not sufficient for productive infection of HIV-1 in resting T cells. Thus, it is important to understand the mechanism by which interactions between Nef and host factors contribute to virus replication. Unlike the Nefs of other lentiviruses, SIVpbj1.9 Nef has a strong stimulatory effect on IL-2 production and proliferation of host T lymphocytes, which is essential for viral replication, even in resting T cells [17] . In contrast, HIV-1 Nef is not sufficient to activate resting T cells. IL-2 production increases significantly in Jurkat T cells or primary CD4? cells expressing HIV-1 Nef only when TCR/CD3 and CD28 co-receptor are stimulated by antibodies or ligands [19] [20] [21] or when the T cells are exposed to mitogens that bypass surface receptors [40] . Our previous data showed that recombinant HSIVnef Nef enhanced IL-2-promoter-mediated activity and IL-2 secretion, whereas HIV-1 Nef did not [19] . Interestingly, the same recombinant HSIVnef provirus successfully integrated into a host chromosome and replicated in resting PBMCs (Fig. 2) . Our findings suggest that Nef-mediated T cell activation contributes to the replication of the virus in the resting T cells by enhancing integration of extrachromosomal viral DNA into the host genome.
Our findings indicate that, independently or coordinated with upregulation of integration of viral DNA into host chromosomes by Nef-mediated T cell activation, Nef can promote integration by interacting with INI1, although the precise molecular mechanism is unclear at present. However, the binding of Nef with INI1 is remarkable in light of the known distribution of these proteins in different subcellular compartments: HIV-1 Nef is known to be expressed in the cytoplasmic membrane (myristoylated form) or in the cytosol (non-myristoylated form) [41, 42] , while INI1 is expressed in the nucleus [43] . This raises a mechanistic question on how Nef in the cytoplasm can interact with INI1 in the nucleus to enhance integration of viral DNA into host chromosomes. According to Turelli et al. [44] , the incoming retroviral PICs trigger the exportinmediated cytoplasmic export of the SWI/SNF component INI1, also known as SMARCB1, and of the nuclear body constituent PML, and the HIV genome associates with these proteins before nuclear localization. Previous reports have shown that Nef-deficient virus particles are impaired for reverse transcription in target cells [45] [46] [47] , indicating that Nef plays a critical role in the process of synthesis of proviral DNA. Since Nef is incorporated into virion particles [48] , these reports suggest that the Nef protein, after the virus enters the host cell, can increase the amount of proviral DNA by increasing reverse transcription and/or triggering PICs by interacting with INI1 to modulate nuclear localization, which collectively contributes to enhancement of viral DNA integration.
Interaction between Nef and INI1 in the cytoplasm could facilitate not only nuclear transport but also integration of the reverse-transcribed DNA into host chromosomes. It has been reported that INT interacts with INI1 [24] , and concerted action of JNK and Pin1 increases INT stability, which is required for efficient HIV-1 integration and infection [13] . Since Nef activates JNK [49] [50] [51] [52] [53] , which phosphorylates INT [13] , and since our data indicate that infection with HSIVnef, but not HIV-1, results in efficient integration of proviral DNA into the host genome in resting hPBMCs (Fig. 4) , the corresponding N-terminal fragment of SIVpbj1.9 Nef in HIV-1 is sufficient to increase INT stability by activating JNK. Furthermore, we also found that the strand transfer activity of HIV-1 INT was enhanced in the presence of Nefs and INI1, and the increased levels were especially pronounced with SIVpbj1.9 Nef (Fig. 3) . In this respect, it would be of interest to examine whether phosphorylation of INT is facilitated in the complex of Nef/Int/INI1, thereby favoring integration of provirus into the host chromosome. Further studies would clarify the potential links between interaction of Nef/INI1 and integration of provirus into host chromosomes in resting T cells.
Our results strongly imply that SIVpbj1.9 Nef, but not HIV-1 Nef, facilitates proviral DNA integration into the chromosomes of resting T cells. Although in the in vitro DNA strand transfer assay, SIVpbj1.9 Nef increased INT activity less than twofold, this small change could overcome the threshold of proviral integration in resting PBMCs in vivo. Subsequent studies could focus on surveying different HIV strains that appear particularly virulent with regard to motif differences in the nef genes. Since our mutational analysis indicated that the N-terminal basic-amino-acid-rich domain in the recombinant Nef is essential for interaction with INI, DNA strand transfer, and replication in resting hPBMCs, we believe that identification of this motif in SIVpbj1.9 nef should bring useful insights for understanding roles of Nef inHIV-1-infection in resting T cells. In addition, recombinant viruses containing SIVpbj1.9nef, such as HSIVnef, could be used to generate novel animal models to study HIV-1 pathogenesis and develop preventive and therapeutic methods.
